Porous organic polymers (POPs) represent interesting candidate materials for carbon dioxide (CO 2 ) adsorption applications owing to the permanently porous nature of the structures and the ability to vary metalloligand centres that can be incorporated as a potential means of property tuning. This work reports the synthesis and characterisation of four transition metal complexes (using M ¼ Mn, Ni, Fe, and Pd) of the bis-bromo salen ligand, and the incorporation of these complexes into POPs with tris-(p-ethynyl)-triphenylamine to yield metallated polymers (POPMn, POPNi, POPFe, and POPPd). The POPs were shown to possess Brunauer-Emmett-Teller (BET) surface areas of up to 650 m 2 g À1 . Overall, this work provides further insight into the potential of permanently porous polymeric materials in post-combustion capture applications.
Introduction
The energy requirements for an ever-growing global population have been rising, leading to elevated levels of carbon dioxide (CO 2 ) in the atmosphere. The 30 billion tonnes of CO 2 emitted annually into the atmosphere cannot be absorbed by the natural carbon cycle without implementing an anthropogenic carbon cycle, consisting of both capture and potential conversion technologies. [1] Existing 'state-of-the-art' technology for CO 2 capture is centred on the use of 30 % aqueous alkanolamine solutions, which has been at the core of these processes since the 1930s. [2] Industrial carbon capture is based on the reversible, exothermic reaction of CO 2 with a primary, secondary or tertiary amine to form a carbamate or bicarbonate species. Once the carbamate has been formed in the alkanolamine solution, heating the mixture regenerates the original solution and a stream of CO 2 with trace impurities. The limitation of current technology is the hydrolysis of a small percentage of the carbamate species into hydrogen carbonate, such that the life of the solution is finite. Combined with the high specific heat capacity and energy of vapourisation of water, the energy required to regenerate the solvent increases the running cost of a power plant by up to 40 %. [2] The energy penalties for implementing these carbon capture strategies worldwide mean that the technology is limited for the removal of CO 2 .
Increasingly, scientists are looking towards solid-state materials for the capture and separation of CO 2 from the flue stream of power plants as a means of directly reducing the level of atmospheric CO 2 . [3] Solid-state materials are potentially superior for CO 2 capture compared with solution-state technologies owing to their ease of gas separation, lower specific heat capacity, enhanced chemical robustness, and high surface areas. [4] This class of materials includes molecular sieves, silicas, micas, zeolites, and metal-organic frameworks (MOFs), with several recent reviews focussing on their role in tuning the uptake and selectivity for CO 2 over N 2 under industrially relevant conditions. [4] [5] [6] [7] [8] [9] [10] [11] Gas separation in solid-state materials predominately occurs via physisorptive processes, instead of the chemisorptive processes that often predominate in the solution phase. A practical limitation of some solid-state materials such as MOFs is that they do not possess long-term physicochemical stability on desolvation; however, sustained efforts are being made to optimise their robustness. [12] The desire to access permanent pore space within solid-state materials has seen the rapid development of a class of organic polymeric materials that also possess substantial microporosity. In 1992, Webster et al. were the first to describe a set of cross-linked polymers using rigid rod linkers. [13] This class of material has since expanded to encompass polymers of intrinsic microporosity (PIMs), [14] porous aromatic frameworks (PAFs), [15] covalent organic polymers (COPs), [16] porous polymer networks (PPNs), [17] and conjugated microporous polymers (CMPs). [18] The differences in the classes of polymer are quite nuanced, and here, they will be referred to collectively as porous organic polymers (POPs). POPs are generally synthesised using irreversible reactions, such as the Suzuki-Miyaura or Sonogashira-Hagihara reactions, which generate new carbon-carbon bonds. The irreversibility of these reactions limits the possibility for structural corrections to occur during the formation of the polymer, and leads to an amorphous material, unlike MOF synthesis where reactions between metal ions and organic linkers are more labile. [18] Although crystallinity is a desired property as it allows improved characterisation of solidstate materials, the work of Mirkin et al. demonstrated that it is unnecessary for porosity. [19] The surface areas of POPs can be readily tuned by varying the identity of the linker used in their synthesis. [18] Such customisation of POP systems enables the surface area to be optimised, with one of the highest values to date being 7100 m 2 g À1 . [15] POPs are considered good candidates as potential CO 2 capture materials because they are cheap to produce, simple to synthesise on a large scale, and possess high thermal and chemical stability. [20] POPs are lightweight, contain hydrophobic pores from their extended aromaticity, and are chemically resistant. For example, Hupp and coworkers have shown that the porosity and stability of POPs can be exploited by generating a polymer based on cheap and abundant amine and anhydride-bearing monomers. [21] The activated polymer demonstrated stability up to 5008C and retained porosity after exposure to HCl. Patel and coworkers introduced the concept of N 2 -phobicity into POPs to generate a class of nitrogen-rich azo-POPs, which possessed high point selectivity (S) for CO 2 /N 2 (S ¼ 288 at 323 K) and were chemically stable in boiling water. [16] Several POPs exhibit relatively high surface areas, such as the those containing tetratopic adamantane cages synthesised by Zhou and coworkers that exhibited Brunauer-Emmett-Teller (BET) surface areas up to 5400 m 2 g À1 and were suitable for CO 2 and methane (CH 4 ) separation. [17] It was found in Zhou's study through application of ideal adsorbed solution theory (IAST) that several high-surface-area POPs also demonstrated high selectivity for CO 2 over N 2 at 295 K, suggesting their suitability for CO 2 capture. Coordinatively unsaturated metals can alter the interactions for CO 2 over other gases because CO 2 has a range of binding modes. It is therefore beneficial to explore POPs containing coordinatively unsaturated metal sites, or metal sites with labile ligands that facilitate interactions with CO 2 .
A well-known family of metal complexes that enables the incorporation of metal sites into POPs are salen-based ligands, which are ubiquitous throughout the fields of organic and inorganic chemistry. Since their initial discovery in 1933 by Pfeiffer, [22] salens have been extensively used in chemical catalysts, [23] electrocatalysis, [24] and charge-transfer complexes. [25] The readily tuneable nature of the central chelating pocket of the salen allows the systematic variation of diverse libraries of compounds. [26] It is also possible to vary the transition metals that are chelated to the central N 2 O 2 in a tetradentate manner ( Fig. 1 ). There exists a wide choice of transition and posttransition metals that may be investigated. [27] The combination of a salen metal complex with organic linkers enables the development of salen-based POP materials. This has been a strategy to introduce permanent porosity into these types of systems. For example, Mastalerz et al. reported a series of POPs with phenylenediamine bridging units that contain Ni II and Zn II ions. [28] These materials exhibited surface areas of 630-647 m 2 g À1 . Similar surface areas in the range 522-650 m 2 g À1 were reported by Chun and coworkers, who varied the bridging moiety in the salen to incorporate the diaminocyclohexane functionality, and introduced Al III , Co III , and Cr III metals into the chelating site. [29] More recently, Xie and coworkers examined the capture of CO 2 and its conversion into propylene carbonate using Co III salen POPs and triphenylbenzene linkers under mild conditions. [30] The polymers exhibited surface areas of up to 965 m 2 g À1 . By using further design strategies, it is also possible to generate salen-based covalentorganic frameworks (COFs). [31] Herein, we report the design and synthesis of four salen metal complexes containing various transition metals, and their incorporation into POPs through covalent bonds. A particular focus is on the influence of the metalloligand centres on the CO 2 adsorption properties of the new POPs, and their applicability in gas adsorption applications.
Experimental

General
All chemicals used were purchased from Aldrich, Alfa Aesar or Merck, and were used without further purification unless stated otherwise. Solvents were obtained from a PureSolv system or purchased and used without further purification. Low-resolution electrospray ionisation mass spectra (ESI-MS) were acquired as a solution in acetonitrile (MeCN), methanol (MeOH) or N,N 0dimethylformamide (DMF) with a 100 mL min À1 flow rate on a Finnegan LCQ or Amazon MS detector. Spectra were collected over the mass range m/z 100 to 1000. An ESI spray voltage of 5 kV was applied, with a heated capillary temperature of 2008C and a nitrogen sheath gas pressure of 60 psi (413.7 kPa). Melting points were measured using a Gallenkamp melting point apparatus with the sample in a glass capillary. The final melting points are uncorrected. Room-temperature Fourier-transformed infrared (FTIR) spectra were obtained using a PerkinElmer UATR 2 infrared spectrometer over the range 400-4000 cm À1 with a resolution of 4 cm À1 . Samples were mechanically compressed on the surface of a diamond crystal on which the background was collected. UV-vis-NIR spectra were obtained over the range 5000-50 000 cm À1 using a CARY5000 spectrophotometer interfaced to Varian WinUV software. Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed at the Mark Wainwright Analytical Centre at the University of New South Wales. (Cambridge Stable Isotopes). [32] Spectra were recorded at 298 K and chemical shifts (d), with uncertainties of AE0.01 Hz for 1 H, are quoted in parts per million. Coupling constants (J) are quoted in Hertz and have uncertainties of AE0.05 Hz for 1 H-1 H. 13 C cross polarised magic angle spinning (CP-MAS) solidstate NMR experiments on diamagnetic polymers were carried out on a wide-bore Bruker AVANCEIII solids 300-MHz spectrometer operating at 300 Hz for 1 H and 75 MHz for 13 C. The sample (,80 mg) was packed into 4-mm zirconia rotors fitted with Kel-f Ò caps and spun in a double-resonance H-X probe head at 6.5 kHz magic angle spinning (MAS). The 13 C and 1 H 908 radio frequency pulse lengths were optimised to 3.5 ms each. The 13 C spectra were acquired with 1-ms cross-polarisation contact time with a total suppression of spinning side bands (TOSS) scheme, followed by 1 H decoupling at 75 kHz field strength using spinal-64 decoupling. The 13 C non-quaternary suppression (NQS) spectra were recorded by turning off the 1 H decoupling for 40 ms during the TOSS period. For sufficient signal-to-noise, ,10 000 transients were acquired for each sample with recycle delays of 3.0 s. The spectra were obtained at ambient temperature. The 13 C chemical shifts were referenced to the glycine CO peak at d C 176 ppm.
Nuclear Magnetic Resonance (NMR) Spectroscopy
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) measurements were carried out on a TA Instruments Hi-Res 2950 thermogravimetric analyser or Discovery thermogravimetric analyser under dry N 2 (0.1 L min À1 ) during data collection. In order to identify the approximate temperatures of guest loss and thermal decomposition, the sample temperature was ramped at 18C min À1 from 25 to 6008C. Samples were loaded dry after exposure to air.
Gas Adsorption
The activation of the polymers was achieved by initially immersing the newly synthesised POP materials in warm DMF (10 mL) in an oven at 1008C for 1 h, before filtration and three repetitions of the process. The polymer was subjected to a Soxhlet washing process with methanol at 808C for 48 h.
Adsorption isotherms were measured using an ASAP 2020 or 3-Flex, both supplied by Micromeritics Instruments Inc. The sample (50-100 mg) was loaded into a glass analysis tube and evacuated for 24 h at 808C before analysis. N 2 adsorption isotherms were measured at 77 K and data were analysed using the BET model to determine the surface area. [33] Pore size distributions were calculated using the density functional theory (DFT) cylindrical oxide model in the Micromeritics Micro-Active Version 4.03 software package. CO 2 adsorption isotherms (up to 1 bar (1013.25 kPa)) were measured at three temperatures (typically 288, 298 and 308 K). The isosteric enthalpy of adsorption (Q st ) was determined by applying the Clausius-Clapeyron relation to the isotherms, which had been interpolated using a virial equation or spline function. N 2 isotherms were also measured at 298 K. [34, 35] The selectivity (S) for adsorption of CO 2 over N 2 was estimated from the single-component N 2 and CO 2 room-temperature isotherm data. [5] The values for this approximation are derived from an approximate flue gas composition of 15 % CO 2 , 75 % N 2 , and 10 % other gases, at a total pressure of 1 bar (1013.25 kPa):
where q ¼ quantity of gas adsorbed (mmol g À1 ) and P ¼ partial pressure at which each gas is adsorbed.
Synthesis
The tetrakis(triphenylphosphine) palladium(0) catalyst [Pd-(PPh 3 ) 4 ] was synthesised from palladium(II) chloride (Precious Metals Online) according to the literature procedure. [36] The synthesis of tris(p-ethynylphenyl)amine (TPA) was carried out according to the literature procedure [37] (see Supplementary  Material) .
Discrete Salen Metal Complexes 2,2 0 -[(1R,2R)-1,2-Cyclohexanediyl bis(Nitrilomethylidine)] bis (1). 5-Bromosalicylaldehyde (1.20 g, 6.00 mmol) was dissolved in degassed MeOH (10 mL). (1R,2R)-Diaminocyclohexane (0.332 g, 3.00 mmol) was added, upon which the solution immediately turned bright yellow. The reaction was heated at 808C for 2 h. The bright yellow precipitate was separated from the mixture via centrifugation and the yellow solid was washed with cold MeOH (3 Â 3 mL) and dried to yield a bright yellow powder (yield 1.13 g, 79 %), mp 185-1878C (lit. 186-1888C [38] 4H) . The characterisation data matched that reported in the literature. [39] 2,2 0 -[(1R,2R)-1,2-Cyclohexanediyl bis(Nitrilomethylidine)] bis Manganese(III) Chloride (Mn1). EtOH (25 mL) was degassed with N 2 for 20 min. Under an atmosphere of N 2 , 1 (0.260 g, 0.544 mmol) was suspended in ethanol and sodium methoxide in MeOH (30 %) added dropwise until the salen dissolved. To this solution was added Mn(OAc) 2 Á4H 2 O (0.150 g, 0.612 mmol), upon which the solution turned light yellow. The solution was stirred at room temperature for 2 h, before the removal of the N 2 atmosphere and the addition of LiCl (0.103 g, 2.44 mmol). The mixture, which then turned dark brown, was stirred in air at room temperature for 48 h. The excess EtOH was removed and the residue dissolved in dichloromethane (150 mL) and washed with H 2 O (3 Â 50 mL). The organic layer was collected, dried over anhydrous Na 2 SO 4 , and evaporated to yield the product as a dark brown powder ( 
Polymers Containing Salen Metal Complexes
General Procedure: A solution of toluene/EtOH (2 : 1) was degassed with N 2 for 20 min. The bis-bromo salen metal complex, TPA, and [Pd(PPh 3 ) 4 ] were suspended in the degassed solution and stirred away from light for 15 min. CuI was added and the reaction mixture heated at 858C for 72 h. The solid was filtered, washed with DMF (100 mL), toluene (100 mL), and MeOH (100 mL), and subjected to a Soxhlet washing procedure with MeOH for 48 h. The solid was dried under vacuum overnight to yield a brown solid.
POPMn. Mn1 (0.100 g, 0.177 mmol), TPA (0.100 g, 0.315 mmol), [Pd(PPh 3 ) 4 ] (0.050 g, 0.043 mmol), and CuI (0.020 g, 0.105 mmol) were combined in solution (15 mL) and reacted according to the general procedure to afford the polymer (yield 0.175 g), mp .3508C. n max (cm À1 ) n CC 2187, n C=N 1591. UV-vis-NIR l (KBr, cm À1 ) 19480, 24470, 28180. Found: C 66.0, H 3.6, N 4.2 %.
POPNi. Ni1 (0.085 g, 0.159 mmol), TPA (0.070 g, 0.220 mmol), [Pd(PPh 3 ) 4 ] (0.080 g, 0.069 mmol), and CuI (0.040 g, 0.210 mmol) were combined in solution (15 mL) and reacted according to the general procedure to afford the polymer (yield 0.136 g), mp .3508C. n max (cm À1 ) n CC 2172, n C=N 1588. UV-vis-NIR l (KBr, cm À1 ) 14530, 18550, 22170, 23720, 26880, 29230. Found: C 53.9, H 3.1, N 3.9 %.
POPFe. Fe1 (0.098 g, 0.172 mmol), TPA (0.070 g, 0.221 mmol), [Pd(PPh 3 ) 4 ] (0.040 g, 0.035 mmol), and CuI (0.020 g, 0.105 mmol) were combined in solution (15 mL) and reacted according to the general procedure to afford the polymer (yield 0.133 g), mp .3508C. n max (cm À1 ) n CC 2165, n C=N 1588. UV-Vis-NIR l (KBr, cm À1 ) 15110, 23220, 26900, 29510. 
Results and Discussion
Synthesis of the Discrete Metal Complexes and their POPs
The synthesis of 1 was achieved in good yields via the Schiff base condensation of 5-bromosalicylaldehyde and 1R,2Rdiaminocyclohexane. To examine the effect of the coordinated metal, the metalation of 1 was accomplished with the addition of sodium methoxide to a vigorously stirred suspension of 1 in EtOH to deprotonate the phenol groups, before the addition of the metal salt to generate the salen metal complexes (Scheme S1, Supplementary Material). Mn III , Ni II , Fe II , and Pd II were the candidate metals for chelation.
Salen metal complexes were successfully incorporated into POPs via a Sonogashira-Hagihara palladium cross-coupling reaction between TPA and the metal complexes of 1 under an inert N 2 atmosphere in the presence of [Pd(PPh 3 ) 4 ] and CuI to form the series of POPs POPMn, POPNi, POPFe, and POPPd (Scheme 1). In all reaction mixtures, the light yellow solution darkened and a brown precipitate formed.
Powder diffraction measurements revealed the amorphous nature of the polymers, which is unsurprising given the irreversible nature of the Sonogashira-Hagihara reaction. Despite their non-crystalline nature, TGA studies revealed that all POPs possessed thermal stability above 2008C, with some polymers showing thermal stability of up to 4008C, before partial degradation ( Fig. S2, Supplementary Material) .
Infrared spectroscopy indicated that the TPA coligand was covalently linked to the salen metal complex. The IR spectrum of TPA revealed a n CH stretch at 3264 cm À1 , which disappeared on polymerisation. The n C=N stretch belonging to the salen metal complex was also observed to shift 40 cm À1 from the discrete complex to the polymer (Fig. S2, Supplementary  Material) . Further evidence of the covalent linkage between the coligand and salen was detected in the UV-vis-NIR spectra of the monomers and polymers. The UV-vis-NIR spectrum of TPA exhibited a sharp n-p* charge transfer at 26460 cm À1 and p-p* charge transfer bands at 31970 and 34260 cm À1 . When compared with the discrete salen complexes, many of the characteristic charge transfer bands in the salen metal complexes were shifted to lower energies in the polymers, consistent with polymeric systems where the electron density is more delocalised. The UV-vis-NIR spectra of the polymers all exhibited the n-p* charge transfer band, consistent with TPA incorporation into the polymer (Fig. S2, Supplementary  Material) . ICP-OES revealed that the salen complex had been incorporated; however, the lower-than-expected metal content suggests that there is homocoupling occurring in the polymerisation (Table S3 , Supplementary Material).
To assist further in the structural determination of the salenbased POPs, solid-state 13 C NMR experiments were performed, but were limited to studies on the diamagnetic salens Pd1 and Ni1, and their polymers POPPd and POPNi (Fig. 2) . Evidence for the incorporation of the salen metal complex came from the appearance of a peak at 155-160 ppm corresponding to the imine carbon. The metal centre influenced the chemical shift of both the imine carbon and phenolate carbon. The incorporation of the salen metal complex into the polymers could be deduced by the appearance of signals at 20-30 and 70 ppm, corresponding to the sp 3 -hybridised secondary and quaternary carbons respectively. The broadening of all the signals in the POPs compared with the signals in the discrete complexes is consistent with the amorphous nature of the POP materials.
Gas Sorption
The porosities of the POPs were analysed using N 2 gas adsorption experiments at 77 K to determine their BET surface areas. All measured isotherms could be classed as Type I, which is characteristic of a microporous material (Fig. 3 ). [40] There is significant hysteresis, commonly observed within highly flexible porous materials. [41] The BET surface areas for polymers incorporating salen metal complexes varied from 300 to 650 m 2 g À1 . The amorphous nature of the POPs is reflected in the pore size distribution, where there is a wide variety of sizes, consistent with the uncontrolled propagation of the POP ( Table 1 , Fig. S3, Supplementary Material) .
Room-temperature N 2 and CO 2 isotherms were measured to probe the selectivity of the polymers for CO 2 . At 298 K, the uptake for CO 2 was higher than for N 2 ; however, there were variations between the polymers (Fig. 4) . The physical interactions of CO 2 with the salen-based POPs were explored using isosteric enthalpies of adsorption (Q st ) measurements. isotherms were measured at 288, 298, and 308 K, where all POPs exhibit Q st values in the range of 22-30 kJ mol À1 (Table 1 , Fig. S5, Supplementary Material) , which is higher than the selfcondensation of CO 2 (Q st 17 kJ mol À1 ). [42] The Q st values are comparable with those calculated for other nitrogen-rich POPs, [43] [44] [45] but are lower than those for MOFs and POPs that possess bare metal sites, [3, 46] suggesting that interactions occur with the open triarylamine nitrogen sites rather than the chelated metal in the salen. When compared with the ICP-OES data, POPPd possesses a higher metal content and surface area than the other polymers, suggesting that CO 2 may interact with some open metal sites. It has previously been reported that accessible bare metal sites could improve Q st . [3] In order to estimate the selectivity of the POPs for CO 2 in an industrially relevant context, the CO 2 /N 2 selectivities (S) were calculated with respect to the conditions of a post-combustion flue stream at 298 K consisting of N 2 (P/P 0 0.75) and CO 2 (P/P 0 0.15) ( Table 1 ). The selectivities obtained for the salen-based POPs were compared with other reported POPs in the literature (Table S3 , Supplementary Material) . Although the salen-based POPs exhibit more moderate selectivities compared with previously synthesised materials, it can be seen that the values obtained are in good agreement with those obtained for POPs containing the TPA moiety. [47] For the series reported here, the variation in selectivity is relatively minor, with the POPMn and POPPd materials demonstrating the most optimal values of the compounds studied. This suggests that the role of the metal in modulating the selectivity is not as significant as the inclusion of nitrogen, oxygen, and phosphorus functional groups, as has been previously observed in the literature, [48, 49] and may be attributed to the small ratios of metals to heteroatoms in the POP.
Conclusions
A series of discrete salen metal complexes based on 1 with Mn III , Ni II , Fe II , and Pd II were comprehensively characterised to understand their physical and electrochemical properties. These complexes were subsequently incorporated into POPs through the Sonogashira-Hagihara reaction of the metal complexes with TPA, generating a library of four new materials. Physical characterisation of the POPs was achieved with UV-vis-NIR, IR, elemental analysis, solid-state NMR where available, and gas adsorption. Estimates of CO 2 selectivities under the idealised conditions of a post-combustion power plant flue stream (0.15 CO 2 /0.75 N 2 v/v) suggests that there is a potential variation based on the metal identity incorporated into the POP, while slight variations in the isosteric enthalpies of adsorption suggest that CO 2 has predominately physisorptive interactions with the nitrogen sites in the polymer rather than the bare metal sites. Future studies on these materials would involve increasing the incorporation of salen metal complexes into the POPs to determine how a higher metal ratio affects selectivity, and assessing the potential of the bare metal sites for catalytic studies. Otherwise, the facile synthesis of the discrete metal complex may allow the installation of more N, O or P sites within the salen backbone. These materials represent interesting candidates for carbon dioxide adsorption applications owing to their permanently porous nature (surface areas up to 650 m 2 g À1 ) and the highly tunable nature of the metal complex. Table 1 . BET surface areas, free pore volumes, pore size distributions, point selectivities, and isosteric enthalpies of adsorption of the synthesised polymers In this table, selectivity refers to the estimation of single-component N 2 and CO 2 room-temperature isotherm data using Eqn 1, [5] Fig. 4 . CO 2 adsorption isotherms (squares) and N 2 gas adsorption isotherms (triangles) at 298 K of POPPd (red), POPMn (green), POPNi (magenta), and POPFe (orange). Desorption isotherms are omitted for clarity.
